Above the freezing temperature of silver (1234.93 K), the International Temperature Scale of 1990 (ITS-90) gives a temperature, T 90 , in terms of a defining fixed-point blackbody and Planck's law of thermal radiation in ratio form. Alternatively, by using Planck's law directly, thermodynamic temperature can be determined by applying radiation detectors calibrated in absolute terms for their spectral responsivity. With the advent of high-quality semiconductor photodiodes and the development of high-accuracy cryogenic radiometers during the last two decades radiometric detector standards with very small uncertainties in the range of 0.01-0.02% have been developed for direct, absolute radiation thermometry with uncertainties comparable to those for the realization of the ITS-90. This article gives an overview of a number of design variants of different types of radiometer used for primary radiometry and describes their calibration. Furthermore, details and requirements regarding the experimental procedure for obtaining low uncertainty thermodynamic temperatures with these radiometers are presented, noting that such radiometers can also be used at temperatures well below the silver point. Finally, typical results obtained by these methods are reviewed.
Introduction
The present temperature scale in use around the world, the International Temperature Scale of 1990 (ITS-90) [1] , is, as a practical temperature scale, a very good approximation to thermodynamic temperature. It is based on phase transition temperatures of its defining fixed points and interpolating or extrapolating instruments for temperature measurement between and above these fixed points.
Above the freezing temperature of silver (1234.93 K), the ITS-90 is realized by a ratio measurement of the spectral radiance of a defined fixed-point blackbody (of either Ag, Au or Cu) to that of an unknown radiance source (typically a high-temperature blackbody source). Planck's law in ratio form is then used to determine the temperature of the unknown temperature source from the measured ratio of spectral radiance. This scheme allows a practical realization of the temperature scale from the silver point up to the highest temperatures attainable by blackbody radiation (and hence does not limit the maximum temperature).
However, the measurement uncertainty with respect to thermodynamic temperature is principally limited by the thermodynamic uncertainty of the fixed-point assigned temperatures, which were determined a priori using absolute or relative primary thermometry [2] , i.e. methods which realize a fundamental physical law relating thermodynamic temperature to a measurand. Examples of such primary thermometry methods are constant volume gas thermometry, electrical noise thermometry (based on electronic Nyquist (Johnson) noise), acoustic gas thermometry (which relates the speed of sound in an ideal gas to the thermodynamic temperature of the gas) and absolute spectral radiation thermometry.
In this paper, we describe the current state of the art of absolute primary thermometry based on Planck's law of thermal radiation where the temperature of a blackbody radiator, with known emissivity, is determined from the emitted spectral radiance. While most other primary methods typically require extensive experimental set-ups and are therefore not practical for routine temperature measurement, absolute spectral radiometry facilitates traceable thermodynamic temperature measurement using relatively compact and (in principle at least) mobile detectors. In recent years, different experimental approaches to both the calibration of radiometers and spectral radiance measurement have been developed. Common to all is that they enable the measurement of thermodynamic temperature of a blackbody radiator, traceable to a primary radiometric detector, the cryogenic electrical substitution radiometer (c-ESR).
Planck's law of thermal radiation
A thermodynamic temperature measurement by absolute primary (spectral) radiometry requires a blackbody radiator with a known (and high) spectral emissivity and a measurement of the spectral radiance of the blackbody traceable to the international system of units (the SI). Such a primary radiometric temperature measurement is directly based on Planck's law of thermal radiation. The spectral radiance of an ideal blackbody L λ (λ, T), that is, the power emitted per unit projected area per unit solid angle per unit wavelength, is given by Planck's law:
where T is the thermodynamic temperature, k is the Boltzmann constant, h is the Planck constant, c is the speed of light in vacuum, λ is the wavelength in vacuum, and n is the refractive index of air. The unit of the spectral radiance is W m −2 sr −1 nm −1 .
For the absolute measurement of the emitted spectral radiance of a blackbody source instruments known as filter radiometers or absolute radiation thermometers are used. The filter radiometers may be equipped with a lens to image radiation from a small area of the emitting blackbody onto the detector, but in its most simple form such lenses are not used and filter radiometers are used in non-imaging mode. The main components of a non-imaging filter radiometer are a precision aperture, an interference filter and a photodiode, and for the most precise measurements all components are surrounded by a temperature-stabilized housing. An example of such a radiometer is given in figure 1 . The opening aperture of the filter radiometer has a diameter of typically around 5 mm or less and defines the effective area of the detector for a homogeneous radiation field. The interference filter defines the spectral bandpass for the measurement of a broadband source such as a blackbody.
To use such a filter radiometer for absolute primary thermometry with a blackbody, an additional aperture, to define the solid angle of measurement, is placed in front of the blackbody source. The main components of a typical experimental arrangement for primary radiometric temperature measurement are depicted in figure 2.
For thermodynamic temperature measurement by absolute primary radiometry, it is necessary that all the measurands involved are directly traceable to the units of the SI. Therefore, an optical power measurement must be traceable to the definition of the electrical watt; and wavelength, area and distance must be traceable to the metre.
In radiometry, the spectral radiance L λ (λ, T) of the blackbody in equation (2.1) is defined as the radiant power emitted by a surface, per unit solid angle per unit projected area per unit wavelength. A filter radiometer measures another radiometric quantity, spectral irradiance, defined as the radiant power received by a surface per unit area per unit wavelength. The measurement of the spectral irradiance according to the geometry shown in figure 2 requires precise knowledge of the aperture areas A 1 and A 2 , the distance d between these apertures and the absolute spectral irradiance responsivity s E,FR of the filter radiometer. Determination of the thermodynamic temperature according to equation (2.1) is then performed using the following equation [3] :
where the symbol ε represents the emissivity of the blackbody and the geometric factor G is defined as:
with r 1 and r 2 being the radii of the two apertures of areas A 1 and A 2 . The thermodynamic temperature T is then determined by iterative numerical integration of equation (2.2). While various schemes to establish an absolute radiometric calibration have been reported, the following two steps are common to all.
(a) A primary radiometric detector, a cryogenic electrical substitution radiometer, is used to calibrate a transfer detector
In primary c-ESR stable optical energy is incident on a copper blackbody cavity (the detector); this results in a temperature increase. Once the temperature is stable the optical radiation is blocked from entering the copper cavity and the same temperature rise is created by electrical heating. In theory, provided there are no losses, the optical power must be the same as the electrical power for the observed temperature rise. Measurements are performed at cryogenic temperatures because the noise is lower and the detection sensitivity is greatly increased because the specific heat of the cavity material (copper) decreases. This allows larger detection cavities to be built, which are better absorbers of optical radiation. Additionally, the leads of the heaters are made of superconducting wires and this removes the self-heating effect of the heaters, significantly reducing the error in establishing the equivalence of optical power and the substituted electrical power.
To establish the start of calibration for primary filter radiometry, a suitable transfer detector needs to be calibrated against the c-ESR. A typical detector suitable for this purpose is a broadband transfer detector (e.g. a Si trap detector) [4] . This is then calibrated against the c-ESR at distinct wavelengths in terms of spectral power responsivity. To effect this, a stable light source is required. This can be either a narrow-band laser (tuneable) or a broadband radiation source; the latter can be either a lamp or plasma, the wavelength of which is selected using a monochromator [5, 6] . The measured detector response can then be interpolated with a physical model [5, 7] .
Different types of semiconductor detectors are available for use as reference detectors in different spectral ranges, either in trap configuration or as single detectors. In the ultraviolet range from 200 nm to 400 nm, single silicon photodiodes and PtSi detectors (Schottky-barrier silicon photodiodes with a PtSi front contact) and trap detectors, made from these photodiodes, are used. In the range from 400 nm to 1000 nm (the main wavelength range for filter radiometry at high temperatures), trap detectors based on silicon photodiodes are almost universally used, provide a high detectivity and act as very high-quality transfer detectors [8] . In the range from 1 µm to 2 µm, InGaAs and germanium photodiodes are used, with InGaAs detectors often being used in the trap detector configuration.
A transfer detector constructed in the form of a trap detector [9, 10] is made up from several photodiodes. These are arranged with a particular geometric configuration such that the radiation reflected from one photodiode is incident on the next photodiode. The combination of detectors in such a configuration results in a reference detector that behaves similarly to a cavity detector with high absorption, and if photodiodes with high internal quantum efficiency are used the trap detector can have an external quantum efficiency approaching 1. (b) The transfer detector is then used to calibrate the filter radiometer Once the transfer detector has been calibrated relative to the c-ESR, the spectral responsivity of the filter radiometer itself is calibrated by comparison with the transfer detector. This is performed at a spectral comparator facility using a monochromatic source, which is tuneable across the bandpass of the filter radiometer. For this comparison, either a broadband lamp or plasma source in conjunction with a monochromator or a tuneable laser source can be used (often the same as that used in step (a) above).
When using a monochromator the suppression of out-of-band transmission is crucial, and when using a tuneable laser the occurrence of interference effects of the quasi-monochromatic radiation with the thin films that make up the surface of the optical filters (of the filter radiometer) needs to be carefully considered. If neither of these effects is taken into account, serious errors may result.
For the calibration of a narrow-band filter radiometer against a broadband detector, such as a trap detector, the out-of-band transmission must be low (approx. 10 −6 ). Otherwise the small, but constant, offset in the signal of the trap detector will increase the integrated spectral response for the filter radiometer [11] . A single-grating monochromator is insufficient on its own to reduce out-of-band transmission to acceptable levels; typically such transmission is of the order of 10 −5 . The required lower out-of-band transmission can be achieved by the use of a pre-disperser such as a prism monochromator. A combination of a prism and a single-grating monochromator can be advantageous over the use of a double-grating monochromator alone as the transmitted flux is higher and no higher order suppression filters are required. For the calibration of a silicon photodiode-based narrow-band filter radiometer, gratings with a spectral dispersion of about 2 nm mm −1 are used. For the wavelength calibration of a monochromator typically around 50 spectral emission lines of different spectral lamps are employed. In addition, a Glan-Thompson polarization prism is periodically used in the output beam from the grating monochromator to determine the influence of polarization on the spectral responsivity of the detectors.
The interference effects observed when using tuneable lasers to calibrate filter radiometers need to be carefully quantified (this is discussed in more detail in §4). The observed signal variations in the bandpass are up to 1-2% from minimum to maximum and have a periodic frequency of below 0.5 nm. Reliable characterization requires time-consuming measurement in small bandwidth steps so as to fully detect the signal variation across the bandpass. Note that, from the frequency of the signal variation, the thickness of the layers causing the fringes can be determined. It was found that the fringes originate in the interference filters [12] .
A final consideration, to keep measurement uncertainties low, is that, when a trap detector is used to measure the radiant power of a light source (be it a tuneable laser or a quasimonochromatic beam from a monochromator system), the measurement signal has to be corrected for the experimental conditions (e.g. level of radiant power, detector temperature [5, 13] , spot size or polarization state [14, 15] ) during the actual calibration of the filter radiometer. This is because the experimental conditions when calibrating the filter radiometer usually differ greatly from those during the calibration of the trap detector.
Precision apertures
This section describes the construction and characterization of the apertures used for defining the solid angle. In §2 the geometry of the measurement system is defined by two apertures at a known distance. The uncertainty associated with determining the radius and hence the area of the two apertures is affected both by the quality of the apertures and by how the aperture areas are determined. From the optical point of view, a knife-edge aperture is ideal since it reduces scattering, but such a knife edge is very difficult in practice to manufacture using traditional machine turning (figure 3) as the turning tools and procedures have to be optimized for the material and design of the aperture. Details can be found in [8] . In addition such knife-edge apertures are very difficult to measure reliably by contact methods. To facilitate contact methods Diamond-turned aluminium, copper or aluminium-bronze apertures have all been found to be suitable for filter radiometry [8] .
As has been mentioned, contact or non-contact methods can be used to determine the aperture area. Typically, the stated uncertainties for both methods are of order 0.1 µm. However, as the results of the Consultative Committee for Photometry and Radiometry (a consultative committee of the International Committee for Weights and Measures-the world body ultimately responsible for the implementation of the SI system) key comparison of aperture area measurement reveals, one has to be careful to accept these uncertainties for operational use. It is notable that in some cases the comparison of aperture area did not agree within uncertainties, and particularly there was a significant discrepancy between the non-contact and contact methods for determining aperture area [16] .
Another reason that these uncertainties are likely to be underestimated is that apertures in operational use can often have minor damage or dust contamination (e.g. from the use in front of a graphite furnace) and therefore deviate from the ideal clean and new state when the area was initially measured.
Finally on this point, it is important to ensure that apertures near a high-temperature furnace are also temperature-controlled by using a temperature-controlled aperture holder otherwise they will expand, allowing more thermal radiation into the measurement system than if the aperture were at the temperature at which its area was determined.
(a) Diffraction at apertures Precision apertures limit the optical beam diameter and define the optical beam geometry. Diffraction effects at the apertures lead to a deviation between the measured radiation flux and the flux calculated by geometrical optics. In general, this deviation is small for a large ratio of aperture diameter to wavelength [17] , but can have a positive or negative sign. Note that, although such diffraction is relatively small (up to a few parts in 10 −3 ), for precision radiometry it is large enough to necessitate calculating and correcting for the effect at both apertures. More details on the diffraction problem, exact solutions and approximations can be found in [18, 19] . For blackbody sources which have broad (and unpolarized) spectral characteristics, the diffraction correction has to be calculated for all wavelengths measured. Typically, radiometers have a small bandpass of 10-20 nm. The diffraction correction is inversely proportional to the wavelength and varies little across the bandpass, and so for simplification usually only the centre wavelength of the interference filters is generally used in the calculation of the diffraction correction. Note that while a furnace precision aperture diameter of 10-20 mm is typically used for the determination of the temperature of a high-temperature blackbody, a large area hightemperature fixed point (HTFP) [20, 21] with an 8 mm cavity diameter requires a furnace precision aperture of around 3 mm diameter, which results in larger diffraction corrections (and consequent increased uncertainties) [22] .
The effectiveness of the diffraction correction can be experimentally tested by varying the distance between the two apertures and an uncertainty of the correction can be deduced, which is typically of order 2 × 10 −4 [11] .
Four radiometric approaches
As described above, filter radiometers consist of a detector, a spectrally selective filter and a geometric/optical system with two defining apertures. Once the filter radiometer part is calibrated, there are then a number of approaches that can be followed to implement filter radiometry in practice. These are described in the mise en pratique for the definition of the kelvin [2] with more detail given in [23] . A schematic overview of the different schemes is presented in figure 4 . The first, the so-called irradiance method, has been described above in general detail; the other methods vary slightly with respect to measurement set-up and calibration method.
(i) A filter radiometer, calibrated for irradiance responsivity, is used to measure the radiance of the blackbody in combination with a source aperture-the irradiance method. (ii) A filter radiometer, calibrated for power responsivity, is used to measure the radiance of the blackbody in combination with detector and source apertures-the spectral power method. (iii) A filter radiometer, calibrated for irradiance responsivity, is used to measure the radiance of the blackbody in combination with a lens aperture and a single, simple lens-the hybrid method. (iv) An imaging radiometer, calibrated for radiance responsivity and comprising a filter radiometer incorporated within an optical system consisting of several lenses and appropriate baffling, is used to measure the radiance of the blackbody-the radiance method.
The first two methods are non-imaging and the second two use optics to facilitate the measurement of small sources. The fourth method, the so-called 'radiance method', is described below in greater detail, as it differs principally from the other three and is of special relevance for radiation thermometry, as well-characterized commercial radiation thermometers can be used as filter radiometers.
For the above-mentioned irradiance method, the radiometer is calibrated for irradiance responsivity with an aperture overfilled at a spectral comparator facility. It is then used with a second aperture added in front of the blackbody for measurement.
For the power method, the radiometer is calibrated for spectral power responsivity against a trap detector, using a monochromatic source that underfills the radiometer (i.e. during this calibration step, the radiometer does not have to be equipped with an aperture). For a radiometric temperature measurement, two apertures of known areas and known separation are added, one in front of the radiometer and the other in front of the blackbody. Additionally, the uniformity of the filter radiometer and transfer detector has to be known as the calibration geometry differs from the measurement geometry. A description of this method can be found in [24, 25] . For the hybrid method, the set-up is similar to the irradiance method, but a lens is introduced to enable the measurement of smaller radiance sources than the irradiance method. The calibration of the lens transmission and the spectral irradiance responsivity of the filter radiometer are done separately, i.e. 'in parts' [20, 26] .
An additional aperture is added to the lens to form the geometric system. However, a drawback of this single lens instrument is its relatively high size-of-source effect [27] (approx. 0.2%), and that the size-of-source effect needs to be determined absolutely, i.e. relative to a theoretical infinite source.
The calibration process of the irradiance and the hybrid methods assumes that the same irradiance is measured by the trap detector and filter radiometer, which relies on the spatial uniformity of the source. Any differences in the sizes of the two apertures and their position within the uniform irradiance field need to be carefully characterized.
For the radiance method, by omitting the geometric factor equation (2.2), this approach can be used directly to determine T, as here the instrument is calibrated for radiance responsivity. For this, an appropriately designed imaging radiometer (or in other words a suitable radiation thermometer) can be calibrated as a filter radiometer by absolute radiometry [28] . Here, and in contrast to the hybrid method, a more complex optical system can be used which leads to a very small size-of-source effect. The calibration of such a radiometer is performed by comparison with a source of known spectral radiance, either with a monochromator in connection with a continuum source such as a halogen lamp or with a tuneable laser as the light source. The narrowband radiation after the monochromator or monochromatic radiation (when using a tuneable laser) is coupled into an integrating sphere. The integrating sphere is equipped with a precision aperture which is of known diameter and distance from the aperture in front of a transfer detector. Then from the specified geometry, and the known irradiance responsivity of the transfer detector, the spectral irradiance from the sphere can be assigned, and via a geometric factor, the spectral radiance of the sphere can be determined.
It is worth noting that, when the filter radiometer (in the radiance approach) is calibrated for radiance responsivity, the integrating sphere acts as a narrow-band or monochromatic substitute for a blackbody. As a consequence, the radiance output must be as uniform and Lambertian as a Planckian source. This is difficult to achieve in practice as the radiation enters only from one or a few ports of the integrating sphere. This is in contrast to the high spatial and angular uniformity of a blackbody which is automatically realized because, in principle at least, every internal surface emits radiation at a uniform temperature. The National Institute of Standards and Technology (NIST, USA), using the dedicated Spectral Irradiance and Radiance Responsivity Calibrations using Uniform Sources (SIRCUS) facility, measures and optimizes integrating sphere sources for the calibration of radiancemeters [29] . Through careful experimental design, it was possible to obtain, for a 300 mm diameter polytetrafluoroethylene integrating sphere source, a homogeneity across a 5 mm aperture of around 0.025%. For smaller integrating sphere sources of around 25 mm diameter, spatial non-uniformity of around 0.1% was more often observed. When using this approach to develop a uniform large area spectrally pure source, a balance has to be made: while a larger integrating sphere will create a more spatially uniform source, for the same input laser power it will have a lower radiance level than a smaller diameter integrating sphere, which in turn is likely to be less uniform across the aperture.
A good spatial and angular uniformity is also necessary because the fields of view for the transfer detector and the imaging filter radiometer are quite different (typically around 7 mm versus around 1 mm in diameter for a transfer detector and an imaging filter radiometer, respectively). A good spatial uniformity of the integrating sphere reduces the uncertainty when comparing radiometers operating in different modes (irradiance/radiance).
For this reason, it was thought that high-power tuneable lasers were ideally suited for this purpose because then as large an integrating sphere as required can be used, which would result in good spatial uniformity across its aperture. However, when using such a source to scan across the spectral bandpass of a filter radiometer, a pattern of interference fringes can be observed. An example is presented in figure 5 for a radiation thermometer LP3 [30] where interference fringes of 2% difference in spectral responsivity between neighbouring maximum and minimum and an interference period of 0.15 nm are observed. The observation of these fringes requires a high spectral resolution of the measurement system, less than 0.02 nm, used for the spectral radiance responsivity calibration. In [12, 28] , the interference fringes were observed to be temporally stable over repeated calibrations over a period of several years.
In more recent times, modern broadband light sources, such as supercontinuum lasers, with a tuneable filter offer a solution to this problem as they can, in conjunction with a monochromator, provide narrow-band (i.e. with spectral width of 0.2-2 nm) and tuneable radiation of high spectral power [31, 32] . Figure 6 shows an experimental arrangement which has been used to measure the spectral responsivity of radiation thermometers and thermal imagers working in the visible and near-infrared spectral range [31] .
Variants of all the above-described four approaches to a primary radiometric temperature measurement have been reported. Some of these are listed briefly below:
(i) In [33, 34] , a variant of the irradiance technique is described that uses, in an additional step, the calibration of a radiation thermometer against a blackbody furnace, the thermodynamic temperature of which has been determined by using a spectral irradiance measurement with a filter radiometer. This is analogous to the calibration of the transfer detector and radiation thermometer in the radiance approach. The spatial uniformity of the blackbody source needs to be determined carefully, as the field of view for the filter radiometer during the spectral irradiance measurement often differs widely from the smaller field of view for the radiation thermometer. For real blackbody furnaces, the temperature uniformity (or emissivity) can be non-ideal due to a temperature gradient inside the furnace [35] . An example of the temperature uniformity across the aperture of the high-temperature graphite blackbody radiator BB3500MP is given in figure 7 . Blackbody radiators of this type are used as primary sources for spectral radiance/irradiance in radiometric laboratories worldwide [36] [37] [38] . (ii) In [39, 40] , a relative spectral responsivity calibration of a radiation thermometer is combined with an absolute radiance responsivity calibration at one wavelength using a single laser line. This approach is similar to the classical ITS-90 techniques for scale realization using a fixed point (with the known light source substituting for the ITS-90 fixed-point blackbody) and a relative spectral responsivity characterization. The advantage of this approach is that it reduces the effort required for operating costly tuneable laser sources in the out-of-band region. (iii) In [41] , another variant of the irradiance method is described. Here, instead of a narrow-band filter radiometer, a photometer with an absolutely calibrated illuminance responsivity and a colour correction, as determined by the photometry group of the National Metrology Institute of Australia (NMIA), is used to determine the blackbody temperature from the measured luminance. (iv) At the Laboratoire National de Métrologie et d'Essais (LNE, France) [42] , the filter radiometer is realized not as a compact and single-wavelength device, but instead as a spectrally tuneable spectroradiometer based on a Czerny-Turner-type monochromator. This is calibrated using the radiance approach to a c-ESR, with Si photodiode trap detectors and a tuneable laser source with an integrating sphere.
Selected results
In the following section, selected results of the above-described methods will be reviewed. At lower temperatures, the development of thermodynamic temperature measurement with absolute radiometry has been motivated by the need to test and improve the thermodynamic accuracy of the International Temperature Scale of 1990 (ITS-90) in the temperature range from the Sn-freezing point at 505.078 K up to the Cu-freezing point at 1357.77 K.
At PTB a double sodium heatpipe blackbody provided a high-accuracy source of blackbody radiation. Thermodynamic temperature measurements were performed using Si and InGaAs photodiode filter radiometers, in irradiance mode, with centre wavelengths of between 676 nm and 1595 nm. Results were obtained for the difference between the thermodynamic temperature T and the ITS-90 temperature T 90 (i.e. T − T 90 ) in the temperature range from the Zn-freezing point (692.677 K) to the Ag-freezing point (1234.93 K) with extended measurement uncertainties (k = 2) of 60 mK and 80 mK, respectively [43] [44] [45] [46] . At NIST, the thermodynamic temperatures of the Ag-and Au-freezing temperatures have been determined, using a radiation thermometer calibrated in the SIRCUS facility with respect to absolute spectral radiance responsivity [47] . The expanded uncertainties (k = 2) of such measurements were reported to be 110 mK and 129 mK, respectively.
In the last 15 years, metal-carbon and metal-carbide-carbon HTFPs have been established as useful tools in the high-temperature range above the freezing point of Cu [21, 48] . It was clear from their inception that, apart from being robust and stable reference points, their ultimate benefit could only be achieved if the temperature of the phase transition were known with an uncertainty lower than could be achieved with ITS-90. For this reason, the above-described radiometry methods have been refined to measure, in a concerted programme, under the auspices of the Consultative Committee for Thermometry Working Group for Non-Contact Thermometry, the thermodynamic temperature of a selected set of HTFPs [49] . An example of such a refinement is the above-described irradiance/radiance technique [28] . This was developed to facilitate what is effectively an irradiance measurement of HTFP blackbodies with a 3 mm aperture while avoiding the significant diffraction losses which normally restrict the accuracy of small aperture irradiance method measurements.
Over a period of more than 10 years, leading national metrology institutes worldwide have independently realized different traceability routes for a radiometric measurement of thermodynamic temperatures of HTFPs. Table 1 gives an overview of the reported uncertainties in the measurement of the thermodynamic temperature of the point of inflection of the melt of HTFPs Co-C (1597 K) and Re-C (2748 K). It is of significance that despite four different radiometric approaches being used comparable measurement uncertainties were attained and the agreement between temperatures was found to be within these quoted uncertainties [54] . It is beyond the scope of this article to discuss the measurement uncertainty in detail for each approach. However, some uncertainty contributions are common to all, and we give here the three dominant components: the uncertainty due to aperture area measurement, the diffraction correction at the apertures and the non-uniformity of large area radiating sources such as integrating spheres or blackbody furnaces when instruments with different fields of view are used. 
Alternatives to spectral-band radiometry
It has to be noted that all of the above methods are traceable to the same primary detector standard, the c-ESR. Up to now absolute spectral radiometry has been the only reliable primary thermometric method available for the temperature range 1000 K to approximately 3300 K. The current ongoing improvements to high-temperature metrology, i.e. development of HTFPs for main stream temperature metrology and the formal implementation of these fixed points into an improved temperature scale through the MeP-K, solely rely on thermodynamic temperature measurements based on absolute spectral-band radiometry traceable to the cryogenic radiometer.
An alternative primary thermometric method would be desirable from a metrological perspective in order to disclose unrecognized systematic errors and confirm the measurement traceable to the c-ESR, and thereby increase confidence in the thermodynamic temperature determination of the HTFPs.
For thermodynamic temperature measurement, an alternative method of absolute radiometry has been proposed [55] , but to date, due to technological limitations (i.e. the non-existence of suitable fixed points), it has not been experimentally proved in the high-temperature range above 1400 K.
In essence, the method compares the ratio of spectral irradiance (or radiance) at two wavelengths of two calculable primary radiometric sources based on different, independent fundamental physical laws. One is the thermal radiation of a high-temperature blackbody, the other the synchrotron radiation of an electron storage ring. While the spectral radiance of a blackbody cavity can be calculated from its temperature T using Planck's law of thermal radiation (equation (2.1)), the Schwinger equation relates the spectral irradiance of the synchrotron radiation to the operational conditions in an electron storage ring [56] .
The underlying principles of the new approach have been discussed in a recent publication [57] , and the following conditions have to be experimentally fulfilled:
(i) The radiation in the direction perpendicular to the electron orbital plane of the storage ring must be collected; this can be achieved by suitably designed filter radiometers with aperture diameters between 3 mm and 5 mm. (ii) The centre wavelengths of the filter radiometers' spectral responsivity must be much longer than the so-called critical wavelength derived in the classical Schwinger theory. For modern storage rings such as the metrology light source [58] at PTB, the critical wavelength at 634 MeV energy is equal to 3.4 nm. This means that filter radiometers with a spectral responsivity in the visible and near-infrared can be used; this is a wavelength range that is also suitable to detect the spectral irradiance originating from a high-temperature blackbody radiator at a temperature of 3000 K.
The proposed measurement scheme reduces the effect of dominant uncertainty contributions compared with absolute radiometric temperature measurement, as the filter radiometers only have to be characterized with respect to their relative spectral responsivities, i.e. an absolute calibration traceable to a c-ESR is not necessary. Also, the same apertures are used for both filter radiometers, and so the aperture area does not need to be known precisely. As a consequence, a thermodynamic temperature of 3000 K is estimated to be measured with a standard uncertainty of 100 mK for filter radiometers with centre wavelengths at 400 nm and 900 nm [57] , potentially improving the achievable uncertainties in comparison with absolute filter radiometry.
Conclusion
The development of the cryogenic electrical substitution radiometer as the primary detector standard for calibration of the spectral responsivity of semiconductor-based optical detectors in the near UV to the near IR spectral range has reached a level where relative uncertainties in spectral radiance of the order of 10 −4 can be obtained. Based on such detectors, four different schemes, namely the irradiance method, the spectral power method, the hybrid method and the radiance method, have been developed for direct absolute radiation thermometry with uncertainties comparable to, or even smaller than, the uncertainties of approximating the thermodynamic temperature T by T 90 .
Although the primary radiometry techniques differ significantly with respect to wavelength range, radiation sources and whether or not lenses are used to restrict the field of view, they are comparable with respect to the resulting measurement uncertainties in a broad temperature range up to 3300 K.
An alternative to the c-ESR as the primary radiometric standard would be desirable from the metrological perspective in order to disclose unrecognized systematic errors. Such an alternative can be found by realizing a radiometric measurement scheme traceable to synchrotron radiation as the primary radiometric source.
